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Abstract
The thesis deals with the design and development of a new class of eco-friendly catalysts for various organic transformations. Chapter I highlights the importance of molecular catalysis to unravel the mystery of catalysis at molecular level. In order to understand the chemistry of catalysis, it is imperative to study the specific catalytic system both in homogeneous and heterogeneous media. Further, this chapter focus on heterogeneous catalysis using mesoporous materials such as clays, zeolites. A liquid phase air oxidation of toluene activated by homogeneous composite catalytic system forms the central theme of Chapter II. Chapter III deals with the development of heterogeneous analogues using clays and zeolites as supports for air oxidation of toluene and substituted toluenes. Chapter IV encompasses the preparation and characterization of a new diamino-functionalised mesoporous material (MPEDA) and it's application for some of the important C-C bond formation reactions, viz., Knoevenagel condensation, aldol condensation, Henry reaction and cyanosilylation. Chapter V deals with the transesterification of b-ketoesters using a basic porous material (TBD-MCM). CHAPTER I. INTRODUCTION This chapter describes the various catalyst/process options available for an industrial chemist to effect different organic transformations. It includes a brief introduction of homogeneous and heterogeneous catalysis. For instance tungstate-exchanged layered double hydroxide that catalyses oxidative bromination and bromide-assisted epoxidation reactions in a selective manner. This catalyst is over 100 times more active than its homogeneous analogue. The low cost and heterogeneous character of this system, together with its ability to operate efficiently under mild conditions using bromides rather than elemental bromine, raise the prospect of being able to develop a clean and efficient industrial route to brominated chemicals and drugs and epoxide intermediates. This chapter introduces the state-of-art practiced in the industry and laboratory for the oxidation of hydrocarbons using both homogeneous and heterogeneous catalysts. The importance and major problems associated with the conventional oxidation process are discussed in length. The importance of selective organic transformations and the necessity to design and develop environmentally cleaner catalytic methodologies is highlighted. Selective oxidation of methyl group of toluene and substituted toluenes is a ubiquitous reaction to realize organic intermediates required generally in large volume for fragrances, pesticides and in the fine chemical industry. Presently, their commercial production involves the use of stoichiometric oxidation with heavy-metal oxidants or chlorination of methyl group of toluenes. Such methods incur high production cost and generate large amounts of pollutants. The sustained and continued efforts made in this area to effect the selective oxidation are confined to the laboratory studies only. In view of these disadvantages, there is a need to develop an improved process for selective air oxidation of toluene to benzaldehyde in liquid phase. The structures and related acidic properties of the porous materials like clays, zeolites and MCM-41 are discussed to familiarize the support materials used for the development of the catalysts. There has been increasing emphasis on the design and development of environment-friendly solid base catalysts to replace soluble bases such as alkali metal alkoxides and hydroxides, widely employed for base induced C-C bond formation in the bulk and fine chemical industries in an effort to develop ecofriendly process. A great challenge is the development of heterogeneous processes to coax the reactions that form carbon-carbon bonds. CHAPTER II: LIQUID PHASE AIR OXIDATION OF TOLUENE IN HOMOGENEOUS CATALYTIC SYSTEM In bulk chemical manufacture, traditional environmentally unacceptable processes have largely been replaced by cleaner catalytic alternatives. Indeed, catalytic oxidation is the single most important technology for the conversion of hydrocarbon feedstocks (olefins, alkanes and aromatics) to industrially important oxygenated derivatives. The fine chemical industry, in contrast, is the domain of synthetic organic chemists who, generally speaking, clung to the use of stoichiometric quantities of classical inorganic oxidants such as potassium dichromate and potassium permanganate. As smaller volumes are involved, there was much less pressure in the past to replace such antiquated, environmentally unacceptable technologies. The stringent laws laid down all over the world for the protection of environment prompts the development of eco-economic processes recently. Hence, the development of efficient and selective catalytic system for air oxidation of toluene to benzaldehyde has been a challenging and active exploration in organic synthesis. Selective oxidation of the C-H bonds in methylbenzenes is an attractive field as well as an unsolved problem in chemistry as the intermediates such as alcohols and aldehydes are more susceptible for secondary oxidation reaction to the corresponding carboxylic acid to lower the selectivity. Thus, the formation of alcohols or aldehydes with high selectivity is more difficult. These alcohols and aldehydes have high added values. For instance, benzaldehyde and substituted benzaldehydes are used as intermediates in fragrances and pesticides. In view of this, a composite catalytic system was developed for the air oxidation of toluene employing cobalt and manganese as catalysts and bromide as promoter which offers high selectivity towards benzaldehyde and near zero emission of effluents, factors essential for the commercial process. In this chapter, the effect of different parameters such as promoters (zinc bromide and sodium bromide), solvents (benzoic acid and acetic acid), toluene concentration, temperature and reaction time for selective air oxidation of toluene to benzaldehyde in homogeneous conditions are discussed in length. Currently, the continuous process studies are under progress in pilot scale. CHAPTER III: LIQUID PHASE AIR OXIDATION OF AROMATIC HYDROCARBONS IN HETEROGENEOUS CATALYTIC SYSTEM The use of solid heterogeneous catalysts in the chemical industry is a theme of exceptional importance. For decades, the use of such catalysts in reactions such as isomerisation and cracking has been practiced on an enormous scale. The use of heterogeneous catalysts in liquid phase applications has in comparison been limited, almost exclusively, to the field of hydrogenation. It is only in the last decade or so, the solid catalysts have found importance in liquid phase applications. Zeolites have significantly contributed to the boom in solid catalysts. While zeolites have been used for many years in gas phase reactions, their utility in liquid phase systems has been exploited only recently. This is largely due to the microporous nature of the original zeolites, which limits their utility to small molecules and their suitability for high temperature applications. More recently, the field of zeolites has expanded with an access to zeolitic materials with a remarkable variety of structures and types. These include the redox zeolite, which are capable of catalytic oxidations. In view of this, we have synthesized Co-Mn-Y catalyst from Na-Y zeolite by exchanging the Na+ ions with cobalt and manganese cations. Na-Y zeolite was obtained from United Catalyst Limited. Na-Y zeolite was exchanged with different cobalt and manganese salts by ion-exchange method. These catalysts were characterized by X-ray diffraction method, TGA-DTA, FTIR, UV-DRS, SEM, AAS and ammonia-TPD. The activity of these catalysts was checked for the air oxidation of toluene and substituted toluenes. Excellent results are observed for the air oxidation of toluene led to the choice of the best catalyst i.e. Co-Mn-Cl-Y and its efficiency was studied for industrially important substituted toluenes. The conversion of para substituted toluenes is higher compared to the ortho substituted toluenes. In the case of para-xylene, very good selectivity towards p-toluic acid was observed. This is the first report using a solid acid catalyst for the air oxidation of toluene and substituted toluenes. These catalysts are practical alternatives to the conventional process. The advantages of our process are ? Easy separation of the catalyst by simple filtration ? Use of non-toxic and inexpensive catalysts ? Zero emission of pollutants ? Environment-friendly 
CHAPTER IV. C-C BOND FORMATION REACTIONS CATALYZED BY DIAMINO-FUNCTIONALISED MESOPOROUS MATERIAL This chapter is divided into two sections SECTION 1: PREPARATION AND CHARACTERIZATION OF DIAMINO-FUNCTIONALISED MESOPOROUS MATERIAL This section deals with the preparation and characterization of diamino-functionalised mesoporous catalyst. The preparation of diamino-functionalised mesoporous material by anchoring 3-trimethoxysilylpropyl ethylenediamine moiety on calcined MCM-41 (Scheme 1) and its successful application for C-C bond formation reactions under very mild conditions is detailed in this section. The catalyst was characterised by IR, TG-DTA and BET surface area. Scheme 1. Diamino-functionalised mesoporous material 
Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a48_figureNO9.jpg" \t "_blank​) 
SECTION 2: APPLICATION OF DIAMINO-FUNCTIONALISED MESOPOROUS MATERIAL FOR C-C BOND FORMATION REACTIONS This section is further divided into 4 topics. Topic 1 deals with the Knoevenagel condensation reactions, Topic 2 deals with the aldol reactions, Topic 3 deals with the nitroaldol (Henry) reaction and Topic 4 deals with the cyanosilylation of carbonyl compounds. 

TOPIC 1: KNOEVENAGEL CONDENSATION CATALYZED BY DIAMINO-FUNCTIONALISED MESOPOROUS MATERIAL Knoevenagel condensation is one of the most important reactions of organic chemistry and its synthetic utility holds a special place in organic synthesis. The reaction is usually catalyzed by organic bases like primary, secondary and tertiary amines, ammonia and ammonium salts. A new solid base catalyst, diamino-functionalised mesoporous catalyst was developed by anchoring 3-trimethoxysilylpropyl ethylenediamine moiety on calcined MCM-41 and applied for C-C bond forming reactions. Knoevenagel condensation reactions involving various aromatic carbonyl compounds and (a) malononitrile or (b) ethyl cyanoacetate as the active methylene compound were carried out with diamino-functionalised mesoporous material under very mild conditions (Scheme 2). Scheme 2 
Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a48_figureNO10.jpg" \t "_blank​) 
All reactions proceeded selectively to dehydrated products without any side reactions, viz., formation of self-condensed product of Cannizaro reaction or hydration of Knoevenagel adducts. Diamino-functionalised mesoporous catalyst was found to be more active over alkali metal containing MCM-41 catalysts. This new solid base catalyst has the following advantages: 
? high catalytic activity under very mild liquid phase conditions ? easy separation of the catalyst by simple filtration ? Formation of no side reactions ? use of non-toxic and inexpensive catalysts ? reusability ? zero emission of pollutants ? Environment-friendly. The present catalytic system is thus, a potential alternative to soluble bases. TOPIC 2. ALDOL REACTIONS CATALYZED BY DIAMINO-FUNCTIONALISED MESOPOROUS CATALYST The aldol condensation is of prime importance for fine chemical synthesis and is generally catalysed by acids or bases. Aldol condensation reactions are usually carried out by soluble bases such as sodium hydroxide or alkali metal alkoxides. Many catalysts such as alumina, zeolites, sepiolite and hydrotalcites have been reported. According to earlier reported work on aldolisations, the reactions were performed at relatively high temperatures and the major product was the dehydrated product. The efficacy of the diamino-functionalised mesoporous catalyst was tested for aldol condensations (Scheme 3). The results of the reaction of various aldehydes with acetone are good. The reaction of p-chlorobenzaldehyde predominantly affords aldol while the dehydrated a,b-unsaturated compound is a minor product. When benzaldehyde or o-anisaldehyde are used in the reaction, the aldol and dehydrated products are formed in equal proportions. On the other hand, the reaction of all the other substituted aldehydes yields the dehydrated product as the major one. In all 
the cases, the overall conversion is very high. The activity of the catalyst for five recycles is consistent. Scheme 3 Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a48_figureNO11.jpg" \t "_blank​) 
Incidentally, this is the first report of the use of organofunctionalised MCM catalyst for the aldol condensation reaction. These catalysts show very high activities and can be reused several times. This increase in activity is indicative of an in-depth modification of the basic properties of the solid accentuated by incorporation of ethylene diamine moiety. TOPIC 3. NITROALDOL REACTIONS CATALYZED BY DIAMINO-FUNCTIONALISED MESOPOROUS MATERIAL Nitroalkenes are important precursors for many insecticides, fungicides and pharmaceuticals. The preparation of nitroalkenes is generally resorted to by an aldol type C-C bond formation process, in specific Henry condensation of carbonyl compounds with a nitroalkane to b-nitroalcohol followed by dehydration. The classical methods provide nitroaldol using soluble bases like primary, secondary and tertiary amines under homogeneous conditions, alkali metal hydroxides, carbonates, bicarbonates, alkoxides, and soluble bases with a surfactant, with longer reaction times. Dehydration of nitroalkanols to nitroalkenes effected by several reagents such as methanesulfonylchloride, phthalic anhydride, dicyclohexyl carbodiimide (DCC), pivaloyl chloride, organic bases etc., which require high temperatures and longer reaction 
times. Ballini et al., attempted sequential synthesis of nitroalkenes starting from aliphatic aldehydes in a solvent-free nitroaldol reaction on alumina at room temperature followed by insitu dehydration with addition of dichloromethane at 40?C for 7h. In view of the disadvantages like long reaction times, expensive and tedious preparation of the catalysts, large excess of the nitroalkane and severe reaction conditions associated with the earlier methodologies, there is a need to develop a mild and efficient base catalyst for the synthesis of nitroalkenes. Preparation of nitroalkenes selectively by one pot synthesis by an ecofriendly solid catalyst with compatible basicity avoids the formation of polycondensed and Cannizzaro products. Here, we describe the application of newly synthesised diamino-functionalised mesoporous material anchored by 3-trimethoxysilylpropylethylenediame moiety on calcined MCM-41 for the one-pot synthesis of nitroalkenes in liquid phase under mild reaction conditions at a faster rate for the first time (scheme 4). Scheme 4 
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This solid base catalyst is a possible candidate for commercial exploitation as the reactions are executed at a faster rate under mild conditions in a one-pot synthesis to afford nitroalkenes in high yields. Easy preparation of the catalyst, separation of the catalyst by simple filtration and reusability for several cycles with consistent activity without any further reactivation are additional advantages. 


TOPIC 4: NUCLEOPHILIC ADDITION OF TMSCN TO CARBONYL COMPOUNDS CATALYZED BY DIAMINO-FUNCTIONALISED MESOPOROUS MATERIAL There has been widespread research on the synthesis of organosilicon compounds, which have been utilised successfully in achieving a multitude of chemical transformations in high yields, under mild and neutral conditions. The different homogeneous catalysts available for effecting this transformation are ZnI2, AlCl3, KCN 18-Crown-6, nBuN+CN- and lanthanide trichlorides. Cyanosilylation of carbonyl compounds has been carried out using inorganic solid acids and bases such as clay montmorillonites, hydroxyapatite, CaF2, etc. The present work employs diamino-functionalised mesoporous material as the solid base catalyst for the addition of TMSCN to carbonyl compounds (Scheme 5). The catalyst has been applied to aldehydes and ketones in toluene under inert atmosphere to give trimethylsiloxy alkanenitriles in quantitative yields. Scheme 5 Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a48_figureNO13.jpg" \t "_blank​) 
This solid base catalyst gives cyanohydrin trimethylsilyl ethers in high yields at room temperature in a quite simple procedure under non-acidic conditions. It can be reused for number of cycles with consistent activity. 



CHAPTER V. TRANSESTERIFICATION OF b- KETOESTERS CATALYZED BY BASIC POROUS MATERIAL Transesterification is an important organic transformation where an ester is transformed into another through interchange of alkoxy moiety. Transesterification is a preferred process to the esterification of alcohols with carboxylic acids of low solubility because esters, which are the starting materials for transesterification, are commonly soluble in most of the solvents. Transesterification is generally catalysed by strong acids such as hydrochloric, phosphoric, sulphuric, p-toluenesulphonic acid, soluble base catalysts, metal alkoxides, carbonates and enzymes. The reaction employing acids and bases is incompatible to the modern synthetic industrial chemistry that desires to be highly efficient, selective, ecofriendly and preferably catalytic. Evolution of homogeneous catalytic systems comprising of titanium (IV) alkoxides and alkyldistannoxanes, heterogeneous catalysts, kaolinite, zeolites, and aluminium oxide for transesterification of b-ketoesters reflects current status of research in this area. Attention is focused recently on the development of solid bases, which are scarcely used, compared to solid acids so far to effect the transesterification. Solid bases such as hydrotalcites and guanidine heterogenised on polymer are only used for the transesterification reactions. In view of this, we have used the solid base TBD-MCM for transesterification reactions. Firstly, the mesoporous MCM-41 support was obtained by liquid crystal templated synthesis. Next, its inner surface was covered with oxirane groups by reacting the surface silinol groups with 3-trimethoxy-silylpropoxy methyloxirane. 
Finally, TBD was reacted with the epoxide group under remarkably mild conditions to get TBD-MCM without formation of any other byproducts (Scheme 6). IR, UV-Vis-DRS, Solid State 13C-NMR, BET Surface area and Thermogravimetric analysis confirmed the reaction sequence. Scheme 6 Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a48_figureNO14.jpg" \t "_blank​) 

A novel heterogeneous, strongly basic catalyst TBD-MCM for transesterification of the b-ketoesters was developed and found to be applicable to a wide range of compounds (Scheme 7). Scheme 7 
Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a48_figureNO15.jpg" \t "_blank​) 
The salient features of this methodology are summed up as: (1) aliphatic and aromatic esters are successfully transformed into synthetically useful esters; (2) unsaturated alcohols such as propargyl alcohol, underwent transesterification affording esters; (3) superiority of this method is emphasised by the fact that tertiary butyl esters also prepared using TBD-MCM. Arylalcohols and the long chain primary alcohols underwent transesterification affording the corresponding esters of commercial use in good yield. The scope of the present catalytic system is widened for selective amidation of an ester with aliphatic amino alcohols. Our catalyst is robust and no leaching was observed. These results prove that it is feasible to introduce strong, non-hydroxide basicity into a MCM-41 structure by the covalent bonding of the active centers on MCM carriers. The mechanical stability of the inorganic support materials ensures easy separation of the solid catalyst. The coupling procedure itself is highly convenient, and much more simple and eco-economic. The success of our catalyst lies in the method of immobilization. TBD-MCM acts as an efficient, convenient and reusable catalyst to effect transesterification. The superiority and flexibility of this method over the existing methods coupled with the ease of operation, simplicity in the work-up involving mere filtration of the catalyst and recyclability should find widespread application in transesterification of many b-ketoesters. 


